To exploit plants as living substrates, biotrophic fungi have evolved remarkable variations of their tubular cells, the hyphae. They form infection structures such as appressoria, penetration hyphae and infection hyphae to invade the plant with minimal damage to host cells. To establish compatibility with the host, controlled secretory activity and distinct interface layers appear to be essential. Colletotrichum species switch from initial biotrophic to necrotrophic growth and are amenable to mutant analysis and molecular studies. Obligate biotrophic rust fungi can form the most specialized hypha: the haustorium. Gene expression and immunocytological studies with rust fungi support the idea that the haustorium is a transfer apparatus for the long-term absorption of host nutrients.
As early as 1866, the German botanist Anton De Bary observed that plant parasitic fungi alter the morphology of their hyphae in response to structural and physiological features of the host surface soon after germination [1] . They form infection structures that accomplish crucial stages of pathogenesis, including attachment, host recognition, penetration, proliferation and nutrition. Infection structure formation is controlled by complex regulatory pathways and accompanied by regulated gene expression [2] .
After host invasion, fungi use different strategies to gain access to host nutrients. Whereas necrotrophs (e.g. the corn leaf blight fungus Cochliobolus heterostrophus) quickly kill plant cells to feed subsequently as saprotrophs, other fungi maintain biotrophic relationships with their hosts either transiently or until sporulation. The biotrophic lifestyle is realized in a remarkable range of ways: intercellular (Cladosporium fulvum); subcuticular (Venturia inaequalis); inter-and intracellular (Claviceps purpurea, Ustilago maydis, monokaryotic rust fungi); extracellular with haustoria within epidermal cells (powdery mildews); intercellular with haustoria within parenchyma cells (dikaryotic rust fungi and downy mildews). A transient type of biotrophy is observed in the so-called hemibiotrophic fungi (Magnaporthe grisea, Phytophthora infestans and Colletotrichum spp.).
Our understanding of biotrophy is still limited. With few exceptions, the most important, haustorium-forming biotrophs cannot be grown in artificial culture, and no useful transformation systems are available. By contrast, C. purpurea, U. maydis and several hemibiotrophs are well studied and amenable to modern molecular tools.
Molecular studies of obligate and non-obligate biotrophs are beginning to provide insights into the nature of biotrophy.
To our knowledge, the following properties appear to be hallmarks of biotrophic fungi: (1) highly developed infection structures; (2) limited secretory activity, especially of lytic enzymes; (3) carbohydraterich and protein-containing interfacial layers that separate fungal and plant plasma membranes; (4) long-term suppression of host defense; (5) haustoria, which are specialized hyphae for nutrient absorption and metabolism. In this article, we discuss recent data about cytological and molecular aspects of fungal biotrophy. To keep within the available space, we restrict our focus to Colletotrichum spp. and rust fungi, which show different degrees of biotrophic growth.
The bean pathogen Colletotrichum lindemuthianum (Fig. 1) is the classical example of a hemibiotrophic fungus. After penetrating the host cuticle and the epidermal cell wall, it initially grows as a biotroph with primary intracellular hyphae for one or a few days. Subsequently, secondary, narrower hyphae are formed that kill the host cells and proliferate by necrotrophic growth [3] . The rust fungi (Fig. 2) , by contrast, are obligately biotrophic, haustorium-forming plant pathogens that can establish stable interactions with their hosts that can last for months [4, 5] .
The early stages of infection (adhesion, appressorium formation and penetration) have been reviewed in detail recently for several plant pathogenic fungi including Colletotrichum and rust fungi [6, 7] . They are not fundamentally different for fungi with contrasting nutritional properties. Their purpose is to ensure reliable infection while causing minimal damage to the host cells. In M. grisea and probably also in Colletotrichum spp., melanin impregnation of the appressorium wall enables them to build up an extraordinarily high osmotic pressure. This is translated into a penetration force of 16.8±3.2 µN, concentrated at the tip of a thin penetration hypha (penetration peg) of Colletotrichum graminicola [8] .
The most sensitive mode of surface recognition is found in the rust fungi. The tip of their dikaryotic germ tube can follow topographical features of the plant cuticle, which increases the probability of encountering stomatal openings. Uromyces appendiculatus recognizes the lip height of the bean guard cell (0.5 µm) [9] . Chemical signals, such as leaf alcohols can contribute to this unique recognition system [10] .
Work with artificially induced infection structures from Uromyces fabae revealed that secretion of cell-wall-degrading enzymes is under strict developmental control. They were found not to be secreted until appressoria and infection hyphae (cellulases, pectin esterases) or haustorial mother cells (pectate lyases) were formed [11] . It was suggested that the order and site of their appearance correlate with the demand for highly localized host-cell penetration during haustorium formation within the leaf.
Hemibiotrophic development
A range of infection strategies is found in the large genus Colletotrichum. Most species (e.g. C. lindemuthianum and Colletotrichum destructivum) are hemibiotrophs, but others, (e.g. Colletotrichum capsici) display 'subcuticular, intramural necrotrophy' [3], which is to say that they initially grow within the cell walls of host epidermal cells before they proliferate rapidly through the tissue that has been killed. Colletotrichum gloeosporioides follows both strategies, depending on the host plant [12] . In addition, several Colletotrichum spp. are known to form long-term quiescent infections [13, 14] .
Cytological pictures of (hemi)biotrophic interfaces using ultrarapid freezing followed by freeze substitution are available mainly for C. lindemuthianum. After penetration, the intracellular infection vesicle and the primary hyphae colonize only a few host cells. Both are surrounded by a matrix that separates the fungal cell wall from the invaginated host plasma membrane (Fig. 3a) . This matrix is extracytoplasmic and connected to the plant apoplast. Within the interfacial matrix, a fungal glycoprotein, encoded by CIH1, was identified [15] . The protein was shown to be present uniquely at this interface in the biotrophic stage of hemibiotrophic Colletotrichum spp. Its expression was switched off at the onset of necrotrophic development [16] .
Insertional mutagenesis has been used with remarkable success to identify genes that are involved in parasitic development of Colletotrichum. In C. gloeosporioides, screening for nitrogenstarvation-induced genes resulted in the cloning of CgDN3. A mutant disrupted in this gene provoked a hypersensitive-like response on intact leaves of the host plant, Stylosanthes guianensis. CgDN3 is specifically expressed during early biotrophic growth [17] and might be required to maintain the initial stage of intracellular development
In C. lindemuthianum, a nonpathogenic mutant obtained by random mutagenesis was still able to form biotrophic primary hyphae, but no secondary hyphae were observed. It was suggested that the mutant was blocked in the switch from biotrophic to necrotrophic growth. Evidence that the mutant has a regulatory nature was supported by sequencing of the A spore (S) attached to the host surface germinates to form a short germ tube, which differentiates into a domed, melanized appressorium (A). The penetration hypha (PE) develops on the appressorium base, transforming internal pressure into mechanical force to pierce the cuticle and the cell wall. The penetration hypha swells within the epidermal cell to form a vesicle (V) and broad primary hyphae (PH), which are surrounded by the invaginated plant plasma membrane. The host protoplast remains alive during the biotrophic stage (a) and an interfacial matrix separates the protoplasts of fungus and host (yellow). One or two days after penetration, plant plasma membrane disintegration starts, leading to host cell death (b). As new host cells are colonized by primary hyphae, the sequence of a transient biotrophic phase followed by cell killing is repeated (c). This relationship ends as soon as narrow secondary hyphae (SH) develop, which are not surrounded by the host membrane and lack an interfacial matrix. Host walls break down because of the secretion of large amounts of cell-wall-degrading enzymes by the secondary hyphae (arrows). disrupted gene, CLTA1, which appears to be a transcriptional activator belonging to the zinc cluster family [18] . In the cucurbit pathogen Colletotrichum magna, a large-scale screening of REMI mutants resulted in many isolates that caused symptomless infections [13] . Interestingly, these mutants conferred on the infected host plant almost complete disease protection against wild-type C. magna and other fungal pathogens [19] . Apparently, mutations in several genes can modify a fine balance between non-destructive host colonization and pathogenesis. It will be interesting to understand more precisely the role of these genes in the infection process of C. magna and their occurrence in other hemibiotrophic fungi.
After completion of the biotrophic phase, narrow necrotrophic hyphae develop [20] and start to secrete large amounts of cell-wall-macerating enzymes such as endopolygalacturonases [21] . In C. gloeosporioides, a pelB-encoded pectate lyase was found to be an important virulence factor in avocado fruit. The enzyme not only degrades cell-walls but also reduces host defense reactions that are induced by the release of oligogalacturonides [22] . Some Colletotrichum spp. produce ammonia in response to acidic pH, which seems to increase the pH in vitro and in the host plant to the optimum level for pectate lyase activity [23] .
In C. graminicola, an insertion mutant showing a reduction in transcript levels of a gene (CPR1) encoding a putative signal peptidase resulted in a mutant that was defective in pathogenesis. Cytological studies indicated that the mutant continued to grow with primary hyphae to a limited extent but was unable to switch to necrotrophic growth. It was speculated that the mutant's enzyme secretion was affected [24] .
Biotrophic development
Intercellular hyphae of rust fungi (dikaryon) begin host-cell penetration of the leaf from haustorial mother cells. They are reminiscent of appressoria in that they also have a thick, multilayered wall that attaches firmly to the host wall and forms a penetration hypha to invade the host cell [25] [26] [27] . Whether the functional similarity of appressoria and haustorial mother cells is echoed on a molecular level remains to be shown. One or more signals of the host are needed to complete the differentiation of the haustorium [28] . For this, the penetration hypha develops into the haustorial neck and enlarges to produce the haustorial body. The whole structure, although reaching far into the host cell, remains surrounded by a modified host plasmalemma, the extrahaustorial membrane [26] . In contrast to intercellular hyphae, which tend to become vacuolated, fungal cytoplasm first accumulates within haustorial mother cells and then migrates into haustoria [29] . This cytological picture suggests that major metabolic activities occur within haustoria, and this is supported by molecular studies.
From a haustorium-specific cDNA library of the broad bean rust U. fabae, in planta-induced genes were isolated that are induced in the biotrophic mycelium. Of these, two thiamine-biosynthesis genes (THI1 and THI2) were found to be most highly expressed in haustoria, together representing ~5% of the haustorial mRNA [30] . Immunocytology revealed a preferred location of the THI1-encoded protein in the haustorial cytoplasm. Thiamine diphosphate (vitamin B 1 ) is a cofactor of several enzymes of amino acid and carbon metabolism. These data suggest that haustoria play a central role in primary metabolism.
Gene expression and immunolocalization data also support the long-held idea [31] that rust haustoria are specialized for the uptake of host assimilates. Another gene (HXT1) that is abundantly expressed in rust haustoria but barely transcribed in other fungal structures encodes a hexose transporter [32] . Functional expression in Saccharomyces cerevisiae and Xenopus laevis oocytes revealed a substrate specificity of the HXT1-encoded protein towards the hexoses glucose and fructose, and demonstrated a proton-driven symport mechanism. Immunocytochemical analysis of HXT1p suggests that the fungus concentrates this transporter in the haustorial plasma membrane (Fig. 4) . Furthermore, genes encoding three (putative) amino acid transporters have been characterized. AAT1 transcripts are present in germinated hyphae and throughout parasitic hyphae but accumulate to the highest levels in haustoria [33] . AAT1p is a proton symporter with highest activities for histidine and lysine [34] . The AAT2-encoded protein shows high similarity to AAT1p (55.1% identity) and was detected by immunofluorescence in haustoria only [35] . AAT3 was found to encode a low-specificity amino-acid-proton symporter with a preference for S-containing amino acids (C. Struck et al., unpublished) . These studies show that the bulk of sugars and amino acids are taken up by haustoria, although they represent only a minor volume and surface fraction of the total biotrophic mycelium. According to our model, an H + -ATPase generates the proton gradient across the haustorial plasma membrane, which provides the energy for the uptake of nutrients from the extrahaustorial matrix [36, 37] . How these nutrients are translocated from the infected host cell across the extrahaustorial membrane is unknown.
The efficiency of haustorial nutrient uptake is probably increased by the so-called neckband in the area of the haustorial neck, a structure comparable to the Casparian strip in roots [38] . It bridges fungal and host plasma membranes and thus seals the plant apoplast from a newly generated interfacial apoplast around the haustorial body. This extrahaustorial compartment consists of a thin fungal wall with new carbohydrate components [39] and a prominent extrahaustorial matrix containing plant-cell-wallrelated carbohydrates and enzymes such as β-1,3-glucanases [40, 41] . It seems that the extrahaustorial interface represents the 'trade center' for the inter-organismic transfer of signals and nutrients. The fungus probably contributes to it by secreting cytokinins [42] , invertase [43] and other proteins that might all regulate the outcome of the infection. The extrahaustorial membrane also displays unusual features that are distinct from those of the plant plasma membrane from which it is derived: in electron-microscope pictures, it lacks intramembrane particles, has a reduced content of glycolipids [12] and forms tubular extensions that are sometimes filled with dark-staining material. In the case of lily leaves infected by Puccinia hemerocallidis [44] , these extensions produce a tubular network that penetrates deep into the host cytoplasm (Fig. 3b,c) . Obviously, the extrahaustorial membrane is a unique type of parasite-induced plant membrane.
Conclusion
The common goal of biotrophic fungi (to invade host tissue with minimal damage of plant cells) is accomplished in a range of ways. Early infection structures do not appear to be fundamentally different from those of necrotrophic fungi but they generally show more functional specialization, such as the ability to recognize host-specific surface features (e.g. the size of stomatal lips in the case of rust fungi). Within the host tissue, biotrophic hyphae do not provoke host cell death. How this is achieved is still far from being understood but an important factor is certainly a strict limitation of the secretion of cell-wall-degrading enzymes. Nevertheless, secretory activity is required by both partners to form the interface layers that are observed in biotrophic interactions. They contribute in an unknown way to the maintenance of compatibility and to the lack of host defense mechanisms [35, 45] .
Nonpathogenic mutants of Colletotrichum spp. have proved to be a rich source of genes that seem to be involved in the transition from biotrophy to necrotrophy. Other fungi, such as M. grisea and U. maydis, are also important models for an understanding of various aspects of biotrophic parasitism and already provide genomic approaches. However, the different strategies adopted by biotrophic fungi cannot be explained by a few model systems [46, 47] . For instance, structural and functional properties of haustoria need to be studied in those fungi that produce them.
There are many open questions for future research. For instance, how does the fungus manipulate the physiology of the host? What are the borderlines between parasitic and mutualistic associations, including those with endophytic fungi [48] ? From the host side, we need to know much more about the contributions of the plant to the development and the outcome of the interaction. A screen for host mutants that do not support the growth of biotrophic pathogens has been performed in Arabidopsis [49] . In this respect, the legume Medicago truncatula is emerging as another model plant that forms interactions with arbuscular mycorrhiza, rust and Colletotrichum spp. [50] . For the next few years, the coordinated application of molecular and microscopic tools [51] [52] [53] and the exploitation of functional genomics and proteomics promise to give us exciting insights into the mechanisms of the intimate interactions between fungi and plants. 
